1. Introduction {#sec1}
===============

Global environmental pollution is becoming a core issue for the modern society, which is directly threatening the terrestrial and aquatic life. Water pollution is considered as one of the foremost challenges.^[@ref1]^ Colored pigments including organic dyes and aromatic nitro compounds are commonly used in various industries including clothing, paper, fiber, pharmaceutical, food, printing, and leather.^[@ref2]−[@ref4]^ These industries release a massive amount of effluent with some amount of hazardous compounds such as organic dyes and aromatic nitro compounds.^[@ref5]^ These effluents with hazardous compounds contaminate water bodies such as river and ponds and so forth because of inadequate treatments before disposal from the industries.^[@ref6]^ Many of these aromatic nitro compounds and organic dyes have been reported to be carcinogenic, used as skin sensitizers, and are capable of causing methemoglobinemia.^[@ref7]^ The hazardous effluent from various industries could cause a serious problem for aquatic as well as for terrestrial life, and their proper treatment before their disposal is the need of hour.^[@ref8]^

The scientific community for environmental remediation is constantly developing new protocols. Various industrial effluent management strategies have been utilized, including bacterial treatment, coagulation, chemical oxidation, adsorption, photocatalytic degradation, and many more.^[@ref9]−[@ref11]^ Several procedures are being employed to reduce the environmental pollution, and a wide range of strategies could be applied to accomplish this purpose.^[@ref12]^ In the recent years, nanotechnology has attracted significant interest because of its applications in different areas of scientific research having a direct impact on improving human life.

Nanostructured inorganic solid support materials are considered as highly efficient materials for various applications such as catalysis, sensing, energy production, and so forth.^[@ref13],[@ref14]^ Because of properties such as high surface area, high thermal stability, and possibility to functionalize with active groups, inorganic solid support materials have been widely used in different fields of scientific research, including biomedical applications, chemical sensing, adsorption, and heterogeneous catalysis. An inorganic solid support material when employed in catalysis has the advantage of further functionalization with a variety of different catalytic moieties and could also be recycled and reused in multiple catalytic cycles.^[@ref15]^ Heterogeneous materials furnish large surface area for the adsorption of reactant molecules on their surface that could result in an increased reaction rate. Heterogeneous catalysis based on the use of inorganic solid support materials has drawn massive interest as an enticing method for environmental remediation. Recently, several reports have been published, involving the use of heterogeneous nanocatalysts being extensively employed for the reduction and degradation of various organic pollutants and for the generation of green energy.^[@ref16]−[@ref19]^

Because of diverse applications, nanocarbons such as graphene, carbon nitride, and boron carbon nitride have aroused enormous attention.^[@ref20]−[@ref22]^ These materials have a wide range of applications in numerous research fields including energy storage, environmental remediation, biomedicine, and heterogeneous catalysis.^[@ref23]−[@ref26]^ Carbon nitride is a family of polymeric structures mainly composed of carbon and nitrogen.^[@ref27]^ Because of its simplistic preparation approach, the minimal cost of production, and controllable electronic properties, graphitic carbon nitride (g-C~3~N~4~) has drawn enormous attention in recent years.^[@ref9],[@ref28]^ In addition, its remarkable thermal stability (up to 600 °C in air)^[@ref29]^ and stability in neutral, basic, and acidic medium make it a potent material for various applications including solid support materials for heterogeneous catalysis.^[@ref30]^ These g-C~3~N~4~ materials can be easily prepared from carbon-containing sources, replacing some carbon atoms with nitrogen atoms. g-C~3~N~4~ is not only the strong carbon nitride allotrope in the natural medium, but it also has diverse surface features that are appealing for catalytic applications. Because of the presence of hydrogen and nitrogen sites on its surface, g-C~3~N~4~ could be easily functionalized with different catalytic active groups including metal and bimetallic nanoparticles.^[@ref31]^ g-C~3~N~4~ has been reported as an efficient catalyst for a variety of reactions including oxygen reduction,^[@ref32]−[@ref34]^ hydrogen evolution,^[@ref35]−[@ref37]^ dye degradation,^[@ref38],[@ref39]^ and various other chemical transformations.^[@ref40],[@ref41]^

In the present study, nitrogen-rich g-C~3~N~4~ was synthesized by a simple direct thermal polymerization procedure, followed by the immobilization of Pd nanoparticles on its surface. Here, g-C~3~N~4~ has been utilized as a support material to synthesize a heterogeneous catalyst. The catalytic efficiency of palladium-supported g-C~3~N~4~ was determined for the degradation of organic dyes and the reduction of aromatic nitro compounds. The synthesized catalyst exhibited excellent catalytic efficiency and could be reused for multiple catalytic cycles without any appreciable loss in its activity.

2. Results and Discussion {#sec2}
=========================

Nitrogen-rich g-C~3~N~4~ was synthesized by a simple approach. The synthesized g-C~3~N~4~ nanosheets were exfoliated using HCl to make their surface a few nanometers thick. The ultrathin surface was achieved by simply mixing g-C~3~N~4~ in 3 M HCl.^[@ref42]^ Palladium nanoparticles were immobilized on the surface of as-synthesized g-C~3~N~4~ by using NaBH~4~ as a reducing agent. The immobilization of metal nanoparticles could be confirmed by various physio-chemical techniques. The prepared nanocatalyst was employed for the reduction of aromatic nitro compounds to their corresponding amine derivatives. Organic dyes were also efficiently degraded by employing the prepared nanocatalyst.

2.1. Characterization {#sec2.1}
---------------------

X-ray diffraction (XRD) technique was used to examine the structure of g-C~3~N~4~ and Pd/g-C~3~N~4~ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). As depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, a small peak (100) is observed at 13.1°, which can be attributed to the in-plane structural packing motif between nitride planes.^[@ref43]−[@ref45]^ One strong peak (002) observed at 27.4° for g-C~3~N~4~ is attributed to the interlayer stacking peak of the aromatic system.^[@ref46]−[@ref48]^ After immobilization of the Pd nanoparticle, the peak at 13.1° (100) disappeared because of the disturbance caused by the Pd nanoparticle in a g-C~3~N~4~ structure.^[@ref43]^ Another peak at 39.5 and 46.1° appeared, which can be attributed to the (111) and (200) planes of the Pd nanoparticle, respectively. From the above analysis of these two peaks, it can be concluded that loading of the Pd nanoparticle on the g-C~3~N~4~ nanosheet is successful.

![(a) Powder XRD pattern of Pd/g-C~3~N~4~ and g-C~3~N~4~; (b) TEM image of the synthesized g-C~3~N~4~ showing a sheet-like architecture; (c) SEM images of g-C~3~N~4~; and (d) N~2~ adsorption--desorption isotherm of Pd/g-C~3~N~4~. (Inset) Pore size distribution of Pd/g-C~3~N~4~; (e) TEM image of Pd/g-C~3~N~4~ showing Pd nanoparticles on the g-C~3~N~4~ nanosheet and (f) SEM image showing Pd/g-C~3~N~4~.](ao0c01280_0001){#fig1}

In material science, transmission electron microscopy (TEM) is a vital tool for investigating the shape and size of the particle at the nanoscale. Scanning electron microscopy (SEM) and TEM instruments were used in order to examine the morphology of as-synthesized g-C~3~N~4~ and Pd-supported g-C~3~N~4~ nanomaterials. The TEM images were captured at various magnifications to investigate the morphology and size. The TEM images ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b) clearly show that g-C~3~N~4~ has a sheet-like structure forming several layers. g-C~3~N~4~ sheets can be analyzed by merely looking at the images. The Pd-supported g-C~3~N~4~ TEM image ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e and [S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01280/suppl_file/ao0c01280_si_001.pdf)) indicates that the average size of Pd particles is approximately 3--3.5 nm. Upon immobilization of Pd nanoparticles, there was zero effect on the morphology of g-C~3~N~4~ nanosheets. Pd particles can be seen uniformly distributed on the g-C~3~N~4~ surface, although only a few Pd particles are aggregated on the g-C~3~N~4~ surface. SEM images have also shown a layered structure of g-C~3~N~4~ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) and Pd/g-C~3~N~4~ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}f) materials. Both techniques come up with a conclusion that the synthesized nanomaterials have a sheet-like structure and that Pd nanoparticles are perfectly distributed on the graphitic surface. The energy-dispersive X-ray spectroscopy (EDS) analysis (integrated with SEM) of Pd/g-C~3~N~4~ ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01280/suppl_file/ao0c01280_si_001.pdf)) and g-C~3~N~4~ ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01280/suppl_file/ao0c01280_si_001.pdf)) was performed in order to find the chemical composition of the synthesized materials. In the EDS mapping of g-C~3~N~4~ ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01280/suppl_file/ao0c01280_si_001.pdf)), the characterization peak of carbon and nitrogen appeared in the spectra, confirming the presence of carbon and nitrogen in as-synthesized g-C~3~N~4~. The EDS mapping obtained from the SEM image of Pd/g-C~3~N~4~ ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01280/suppl_file/ao0c01280_si_001.pdf)) shows elemental distribution of palladium, carbon, and nitrogen. The presence of a palladium peak in the EDS spectra confirmed the immobilization of palladium on g-C~3~N~4~. Carbon, hydrogen, and nitrogen (CHN) analysis ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01280/suppl_file/ao0c01280_si_001.pdf)) was also performed in order to investigate the composition of total carbon and nitrogen in a synthesized material. EDS and CHN analyses confirmed that the synthesized material is nitrogen-rich and that the stoichiometry of the material is C~3~N~4.8~ ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01280/suppl_file/ao0c01280_si_001.pdf)). The exact amount of the metal content in Pd/g-C~3~N~4~ was determined by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) analysis. ICP-AES results reveal that the amount of Pd in Pd/g-C~3~N~4~ is 3.98 wt %.

The Brunauer--Emmett--Teller (BET) surface area, pore volume, and pore diameter were recorded by nitrogen adsorption--desorption measurement. For Pd/g-C~3~N~4~, the BET surface area of 27.14 m^2^/g was observed. The Pd/g-C~3~N~4~ material has a porous structure, which was observed through the Barrett--Joyner--Halenda adsorption pore size distribution curve. A pore size diameter of 3.824 nm and a pore volume of 0.15 cm^3^/g were observed. The observation indicates that the synthesized Pd/g-C~3~N~4~ is highly porous.

Fourier transform infrared spectroscopy (FT-IR) spectra for g-C~3~N~4~ ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01280/suppl_file/ao0c01280_si_001.pdf)) were recorded, and three different major IR regions were observed. The sharp peak of around 820 cm^--1^ often belongs to the C--N heterocyclic framework. It stems from a heptane ring system.^[@ref49]^ The peaks in between 1200 and 1700 cm^--1^ can be attributed to the stretching vibrations of C=N, C--N heptazine-derived repeating units.^[@ref50]^ The broad peak of 3000--3600 cm^--1^ is attributed to the N--H stretching of an amino functional group. The bunch of peaks between 850 and 1800 cm^--1^ corresponds to the stretching modes of *s*-triazine derivatives. The peaks around 1400, 1300, and 1250 cm^--1^ belong to the C--N bond stretching modes. The FTIR spectra of Pd/g-C~3~N~4~ ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01280/suppl_file/ao0c01280_si_001.pdf)) indicate that there is no notable peak with respect to g-C~3~N~4~ spectra, suggesting no covalent bonding between g-C~3~N~4~ and metal nanoparticles.^[@ref43]^

2.2. Catalytic Activity {#sec2.2}
-----------------------

To investigate the activity of the synthesized nanocatalyst (Pd/g-C~3~N~4~), it was utilized as a heterogeneous catalyst for the reduction of toxic aromatic nitro compounds to their corresponding amine derivatives. The activity of the prepared nanocatalyst was also checked for the degradation of hazardous organic dyes.

### 2.2.1. Catalytic Reduction of Nitro Compounds {#sec2.2.1}

We chose the catalytic reduction of 4-nitrophenol (4-NP) to the corresponding aromatic amine, that is, 4-aminophenol (4-AP) as a preliminary model reaction by using NaBH~4~ as a hydrogen source to assess the catalytic performance of the prepared nanocatalyst (Pd/g-C~3~N~4~). The reduction reaction was easily monitored through UV--visible absorption spectroscopy. The aqueous solution of 4-NP was light yellow in color and showed an absorption peak at 400 nm; addition of NaBH~4~ to the aqueous solution of 4-NP converts it into a 4-nitrophenolate ion with an absorption peak at 400 nm in UV--vis spectra. Light yellow color changes into a deep yellow color because of the change in alkalinity (pH) of the mixture, thus resulting in the formation of a 4-nitrophenolate ion. After the addition of 100 μL of the synthesized nanocatalyst (Pd/g-C~3~N~4~), the peak intensity at 400 nm decreases rapidly over a while, and a new peak of the corresponding amine emerged at 300 nm ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). After 60 s, the peak at 400 nm completely vanished, indicating the complete reduction of 4-NP. Upon visual observation of the cuvette, the color of the reaction mixture changed from bright yellow to colorless. Another set of reaction was monitored without the addition of a catalyst, and it was observed that the absorption peak of 4-nitrophenolate ions at 400 nm remained consistent for 30 min without any change, indicating that the reaction proceeds in the presence of a catalyst, that is, Pd/g-C~3~N~4~ ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01280/suppl_file/ao0c01280_si_001.pdf)). g-C~3~N~4~ sheets without the immobilization of palladium nanoparticles were also utilized for the reduction of 4-NP, and it was observed that the reaction did not proceed even in 460 s ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01280/suppl_file/ao0c01280_si_001.pdf)), indicating that the metal nanoparticles are necessary for the reaction to proceed. The catalytic activity of the prepared catalyst, that is, Pd, was compared with some of the reported catalyst for the same reaction, and the results are presented in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01280/suppl_file/ao0c01280_si_001.pdf) (Table S3). We observed that the catalytic activity of the prepared catalyst is much superior to that of the reported catalyst for the same reaction.

![UV--vis absorption spectra for the reduction of 0.2 mM (a) 4-NP; (b) 4-NA; and (c) 2-NA in the presence of 0.2 mg of Pd/g-C~3~N~4~ as the nanocatalyst. (Inset) Absorbance vs time plot and (d) plot of ln(*C*~*t*~/*C*~0~) vs time representing first-order kinetics for the reduction of nitroarenes.](ao0c01280_0002){#fig2}

A similar procedure was applied to investigate the activity of the prepared nanocatalyst for the reduction of 2-NA and 4-NA. In the case of reduction of 4-NA, the initial absorption peak observed at 405 nm in UV--vis spectra gradually decreased after the addition of 100 μL of the synthesized nanocatalyst. After 60 s, the absorption peak at 405 nm completely disappeared, and a new peak emerged at 300 nm, indicating the formation of the corresponding aromatic amine product ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). The yellow colored reaction mixture of 4-NA also changes to the colorless solution. Similarly, 2-NA was reduced to the corresponding amine product by utilizing 100 μL of Pd/g-C~3~N~4~ (0.2 mg/mL) as the nanocatalyst in the presence of NaBH~4~. The initial absorption peak appeared at 408 nm in UV--vis spectra completely vanished after 80 s upon the addition of a nanocatalyst ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C).

The reactions are supposed to follow first-order kinetics because the concentration of NaBH~4~ is much higher than that of aromatic nitro compounds, and it remains almost constant during the course of reaction. Therefore, first-order kinetics is applied to calculate the efficiency of the Pd/g-C~3~N~4~ nanocatalyst. The value of (*C*~*t*~/*C*~0~) can be determined easily by measuring the relative absorbance intensity (*A*~*t*~/*A*~0~), where *A*~*t*~ and *A*~0~ denote the absorbance values at *t* = *t* and *t* = 0, respectively. The value of rate constant *k* could be calculated simply by plotting linear plots of ln(*C*~*t*~/*C*~0~) versus time, and the slope of the linear plot gives value of the rate constant ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D). The rate constant was normalized and reformed in terms of activity parameter. The values of rate constant, activity parameter, and reduction time have been presented in [Table[1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The activity parameter *K* was determined by utilizing the rate constant as stated in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.*k* = rate constant, *m* = amount of the catalyst.

###### Summary of the Correlation Coefficient of ln(*C*~*t*~/*C*~0~) vs Time Plot, Reduction Time, Rate Constant, and Activity Parameter for the Reduction of Nitroarenes Using Pd/g-C~3~N~4~ as a Heterogeneous Nanocatalyst

  sample                   *R*^2^   reduction time (s)   *k* (× 10^--3^ s^--1^)   activity parameter (*K* = s^--1^ g^--1^)
  ------------------------ -------- -------------------- ------------------------ ------------------------------------------
  4-nitro phenol (4-NP)    0.9989   60                   4.21                     21.05
  2-nitro aniline (4-NA)   0.9644   80                   2.15                     10.75
  4-nitro aniline (2-NA)   0.9637   60                   2.49                     12.45

### 2.2.2. Catalytic Degradation of Organic Dyes {#sec2.2.2}

Dyes such as methylene blue (MB), methyl red (MR), and rhodamine B (RhB) are the main coloring substances used in textiles, paper, leather, and other industries. These dyes have various biological and industrial applications. Because of their harmful effects, these dyes need to be degraded before their discharge into aquatic bodies. Here, we have utilized the synthesized Pd/g-C~3~N~4~ nanocatalyst for the degradation of few organic dyes such as RhB, MB, and MR.

Initially, the degradation of RhB was studied by utilizing Pd/g-C~3~N~4~ as a heterogeneous nanocatalyst in the presence of NaBH~4~. The absorption peak for 2 mL of RhB (0.02 mM) appeared at 554 nm, and after the addition of the aqueous solution of 100 μL of the Pd/g-C~3~N~4~ (0.2 mg/mL) nanocatalyst, this peak at 554 nm gradually started decreasing and completely disappeared after 60 s, indicating the complete degradation of RhB ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). A similar procedure was applied for the degradation of MR and MB. The absorption peak for the aqueous solution of MR appeared at 425 nm in the presence of NaBH~4~ and started decreasing after the addition of the aqueous solution of Pd/g-C~3~N~4~ and vanished after 120 s ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). Similarly, the absorption peak of the aqueous solution of MB in the presence of NaBH~4~ at 663 completely disappeared after 80 s upon the addition of the prepared nanocatalyst. The characteristic peak appeared at 663 nm; after the addition of the catalyst, the peak started decreasing and disappeared after 80 s ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). All the three dyes became colorless upon complete degradation. The BH~4~^--^ anions get absorbed on the g-C~3~N~4~ nanosheet, and the electrons contributed by NaBH~4~ (BH~4~^--^ ions) to palladium nanoparticles through the g-C~3~N~4~ nanosheet are taken up by organic dyes, which ultimately lead to the degradation of dyes.^[@ref51]^ The graphical representation of the proposed mechanism for the degradation of dyes is depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

![Graphical representation of the mechanism for dye degradation.](ao0c01280_0003){#fig3}

The rate constant "*k*" and activity parameter were calculated in a similar way as previously calculated for nitro compounds, and the results are reported in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

###### Correlation Coefficient of ln(*C*~*t*~/*C*~0~) vs Time Plot, Reduction Time, Rate Constant, and Activity Parameter for the Reduction of Dyes Using Pd/g-C~3~N~4~ as a Heterogeneous Nanocatalyst

  sample   *R*^2^    reduction time (s)   *k* (× 10^--3^ s^--1^)   activity parameter (*K* = s^--1^ g^--1^)
  -------- --------- -------------------- ------------------------ ------------------------------------------
  MR       0.99462   120                  3.78                     12.6
  MB       0.95577   80                   2.04                     6.8
  RhB      1         60                   2.11                     7.03

### 2.2.3. Effect of Catalyst Loading on the Catalytic Efficiency {#sec2.2.3}

The effect of catalyst loading was also studied by choosing the reduction of 4-NP and degradation of MR as model reactions. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A,B shows the absorbance spectra of 4-NP for different catalytic loadings while keeping other parameters constant. It was observed that when the concentration of the catalyst, that is, aqueous solution of Pd/g-C~3~N~4~, was reduced from 100 to 50 μL and 25 μL, the time for the complete reduction of 4-NP was increased to 140 and 240 s, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A,B). Similarly, the degradation of MR was also studied with 50 and 25 μL of aqueous solution of Pd/g-C~3~N~4~, and we observed that the degradation was completed in 240 and 340 s, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C,D). This study suggests that 100 μL is the ideal amount of the catalyst. The rate constant *k* could be calculated simply by plotting linear plots of ln(*C*~*t*~/*C*~0~) versus time, and the slope of the linear plot gives the value of the rate constant ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01280/suppl_file/ao0c01280_si_001.pdf)). The values of the rate constant, reduction time, and activity parameter for the reduction of 4-NP and degradation of MR with different loadings of the catalyst are given in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01280/suppl_file/ao0c01280_si_001.pdf).

![UV--vis absorption spectra of degradation of 0.02 mM (a) RhB; (b) MB; and (c) MR by NaBH~4~ (0.4 M) in the presence of 0.2 mg of Pd/g-C~3~N~4~ as the nanocatalyst. (Inset) Absorbance vs time plot and (d) plot of ln(*C*~*t*~/*C*~0~) vs reaction time representing first-order kinetics for the degradation of organic dyes.](ao0c01280_0004){#fig4}

### 2.2.4. Reusability Test {#sec2.2.4}

In order to check the reusability of the catalyst, that is, Pd/g-C~3~N~4~, the reduction of 4-NP and degradation of RhB were chosen as model reactions. After the completion of the reaction, the catalyst was separated from the reaction mixture and reused for five consecutive catalytic cycles. We observed a negligible loss in its activity. In the fifth cycle, the reduction of 4-NP and degradation of RhB were completed in 95 and 100 s, respectively. In order to check the stability of the synthesized catalyst, CHN and EDS analyses of the reused catalyst were studied ([Table S1 and Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01280/suppl_file/ao0c01280_si_001.pdf)), and the results demonstrate that no appreciable loss in the elemental composition of the reused catalyst could be observed ([Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}).

![UV--vis absorption spectra of reduction of (a) 4-NA (50 μL of Pd/g-C~3~N~4~); (b) 4-NA (25 μL of Pd/g-C~3~N~4~); (c) MR (50 μL of Pd/g-C~3~N~4~); and (d) MR (25 μL of Pd/g-C~3~N~4~) using Pd/g-C~3~N~4~ as a nanocatalyst.](ao0c01280_0005){#fig5}

![Recyclability test of Pd/g-C~3~N~4~ for the reduction of 4-NP and degradation of RhB.](ao0c01280_0006){#fig6}

3. Conclusions {#sec3}
==============

In summary, we have synthesized N-rich g-C~3~N~4~ nanosheets by a thermal polymerization approach. In the next step of the synthesis procedure, palladium nanoparticles were uniformly anchored over the surface of g-C~3~N~4~ using NaBH~4~ as a reducing agent. The characterization of the prepared materials was carried out by various techniques such as TEM, SEM, XRD, BET, CHN, EDS, and FTIR. Subsequent to the characterization, the prepared material, that is, Pd/g-C~3~N~4~, was checked for its catalytic activity for the reduction of aromatic nitro compounds and the degradation of organic dyes. The prepared catalyst showed excellent activity and could be reused in multiple catalytic cycles with a very little loss in its activity.

4. Experimental Section {#sec4}
=======================

4.1. Synthesis of g-C~3~N~4~ Sheets {#sec4.1}
-----------------------------------

The synthesis of a carbon nitride nanosheet has been achieved by a direct thermal polymerization procedure. In the typical synthesis procedure, melamine (3 g) and ammonium carbonate (3 g) were mixed and placed in the aluminum crucible. The mixture was heated (2 °C/min) in air at 550 °C and kept for 5 h for polymerization.^[@ref42]^ As a result, a yellow colored material was obtained, and it was crushed into powder. Furthermore, the obtained powder was transferred into a 250 mL conical flask, 30 mL of 3 M HCl was poured into it, and the mixture was stirred for 15 h. The mixture was centrifuged, and the solid product was washed multiple times with water. Finally, the solid product was collected and dried for 10 h at 60 °C in a vacuum oven.

4.2. Synthesis of Pd/g-C~3~N~4~ {#sec4.2}
-------------------------------

The heterogeneous nanocatalyst was synthesized by an ultrasonic deposition method. In the synthesis process, the as-prepared g-C~3~N~4~ (1 g) was added into 60 mL of water under ultrasonication for 3 h, followed by the addition of PdCl~2~ (25 mg), and the mixture was ultrasonicated for another 40 min. Then, 5 mL of NaBH~4~ (0.5 M) solution was added dropwise, and the mixture was stirred for 1 h. Finally, the solid product was collected by centrifugation and washed multiple times with water to remove impurities. The product was dried in a vacuum oven at 60 °C for 5 h.

4.3. Procedure for the Catalytic Reduction of Nitro Compounds {#sec4.3}
-------------------------------------------------------------

Typically, 0.2 mL of aqueous solution of the aromatic nitro compound (0.2 mM) was taken in a standard cuvette containing a 3 mL volume and a 1 cm path length, followed by the addition of freshly prepared 0.5 mL of NaBH~4~ (0.4 M). After that, 100 μL of the synthesized nanocatalyst, that is, Pd/g-C~3~N~4~ (0.2 mg/mL), was added in the same cuvette. The progress of the reaction was monitored through UV--vis absorption spectroscopy, which was recorded immediately after the addition of a nanocatalyst at room temperature.

4.4. Procedure for the Catalytic Degradation of Dyes {#sec4.4}
----------------------------------------------------

Typically, 0.2 mL of aqueous solution of the organic dye (0.02 mM) was taken into a standard cuvette containing a 3 mL volume and a 1 cm path length, followed by the addition of freshly prepared 0.5 mL of NaBH~4~ (0.4 M). After that, 100 μL of the synthesized nanocatalyst, that is, Pd/g-C~3~N~4~ (0.2 mg/mL), was added in the same cuvette. The progress of the reaction was monitored through UV--vis absorption spectroscopy, which was recorded immediately after the addition of a nanocatalyst at room temperature.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01280](https://pubs.acs.org/doi/10.1021/acsomega.0c01280?goto=supporting-info).Materials, characterization techniques, FTIR/EDS/CHN/TEM of different samples, particle size distribution histogram, UV--vis absorption spectra, ln(*C*~*t*~/*C*~0~) versus reduction time plot, rate constant, activity parameter, and activity comparison ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01280/suppl_file/ao0c01280_si_001.pdf))
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